Polarized spectrum sharing (PSS) exploits the spectrum opportunities in a polarized domain. However, when it comes to wideband environments PSS is impaired by the frequencydependent polarization mode dispersion (PMD); thus, the effective throughput of PSS drops. To combat the PMD effect, this work proposes a cluster-based PSS approach to enable PSS on a narrower frequency span. Simulation results show that the effective throughput of PSS on cluster basis outperforms that of PSS on bandwidth and subcarrier basis.
I. Introduction
Polarization mode dispersion (PMD) is the polarizationsensitive frequency-selective fading effect of the channel in wideband environments; for example, the channel depolarization effects on different frequencies are distinct. In [1] , it is shown that the output polarization states (PS) of the channel exhibit frequency-dependent dispersion if the channel has polarization-diverse multipath delay spreads.
Spectrum opportunities in the polarized domain are exploited for LTE user (LU) in [2] - [4] , without considering the PMD effect. Polarized spectrum sharing (PSS) deployed on LTE operation bands suffers from adverse PMD effects. The performance of PSS drops, because undesired PS come into being on some frequency components after a unique PS transmits through the channel.
To avoid the PMD effect, this work proposes to enable PSS on a cluster of orthogonal frequency-division multiplexing Manuscript (OFDM) subcarriers. As LU learns wideband environments before transmitting data, the subcarriers' number in the cluster impacts both the learning time and LU's throughput. Then, a learning-throughput tradeoff problem is formulated and solved.
II. System and Spectrum Opportunity Model
System and Channel Model
A coexistence scenario of primary users (PU) and LU is shown in Fig. 1 . Dual polarized antennas on LU are used to derive arbitrary PS. LU's desired signal link is denoted by the matrix H L , interference links between PU and LU are denoted by H PL and H LP , respectively, and H m is the monitoring link used for learning environments by LU. Supposing that reciprocity [5] holds between H LP and H m -namely, H m = H LP H , where superscript H denotes the Hermitian transpose. PU's PS is represented by P c , and the transmitting and receiving PS for LU are P t and P r , respectively.
Due to the channel depolarization effect, some signal energy will be transferred from its original polarized component to its orthogonal one; thus, the signals' PS will be deflected. The channel matrix incorporating the depolarization effect [3] is 
where the co-polarization ratio 
Polarized Spectrum Opportunities
To avoid interfering PUs, the transmitting PS (P t ) should be orthogonal to PU's receiving PS (P c ) after transmitting through interference channel H SP ; that is,
as primary signals, where N is the number of samples, and equating both sides of
Note that ( ) m c P s n H P is PU's signal received at LU; thus, based on (3), P t can be derived by sampling PU's signals. The practically sampled PU's signals are represented as Y(n), which can be expressed as
where the 2×1 vector ( ) n  is additive noise; thus, the noise in Y(n) should be suppressed. The subspace-based noise suppression method has been studied in [3] , where the noisefree primary signals can be obtained and defined as ( ) ( ).
Therefore, P t can be derived according to (5) . Then, P r should be designed to maximize LU's signal-tointerference-plus-noise-ratio (SINR). LU's received signal is In wideband environments, (2) should be rewritten as (2), then H LP (ω j ) P t (ji) will fail to satisfy (2) , which means all the M-1 polarizations ( )
and ji) from the LTE transmitter (LT) are not orthogonal with P c ; thus, interference is inflicted on PU.
Similarly, due to the PMD effect, (7) should be rewritten as 
IV. Cluster-Based PSS
To combat the PMD effect, the frequency span for P t and P r is reduced from B to a cluster of several subcarriers, as shown in Fig. 2 . For descriptive convenience, the channels' subscripts are omitted and the channel matrices are simplified as H ( ) Fig. 3 . Two-phase frame for PSS.
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cluster.
An LTE frame usually contains environment learning and data transmission phases. As shown in Fig. 3 , the frame length is T. The learning time for each cluster with N samples is ε, then the overall learning time for all clusters is ( 1 ) 
is used to transmit data.
For cluster-based PSS, the transmitting or receiving polarization for all subcarriers inside a cluster is unique-for example, the transmitting and receiving polarizations for jth cluster are respectively j t P and . Thus, the effective LTE throughput can be formulated as
is the noise power on ith subcarrier, and
Since the value of X is discrete, ( ) γ X and ( ) ζ X are nondifferentiable and the convexity of 2  cannot be determined. Thus it is impossible to analytically derive the optimal solutions of 2  . Genetic algorithms (GA) [7] are used to get the optimal solutions, as shown in Algorithm 1.
Algorithm 1 Genetic searching of optimal X.
(Initialization):
Randomly initiate X as X 0 , calculate γ(X 0 ) and ζ(X 0 ) according to (11) and (14). If ζ(X 0 ) >δ, discard X 0 and repeat step 1. 2. (Evolution): Generate the evolutionary subcarrier number X e according to the evolutionary operation defined by GA. Calculate γ(X e ) and ζ(X e ). If ζ(X e ) >δ, discard X e and repeat step 2. 
V. Simulation Results
In this section, the performance of the cluster-based PSS is validated by simulations. According to LTE specifications, M can be set as 72, 180, 300, 600, 900, or 1,200, and T is set as 10 ms. The time overhead of environment learning with N samples, (ε) is set as 0.5 ms [8] . The length of OFDM subcarriers is set as 64, and the length of the cyclic prefix is 16. The transmit power of LU is fixed at 49 dBm [6] . Quadrature phase-shift keying is adopted as the modulation scheme. Differential evolution (DE) [7] is used to solve 2 ,  and the cross-over (CR) factor is a key parameter for the convergence performance of DE. Greater values of CR[0, 1] will lead to a more rapid convergence; the empirical value of CR varies between 0.3 and 0.5 [7] . PU's receiveing PS (P c ) is set as horizontal polarized. Parameters µ L , χ L and L i α are initiated randomly [8] ; the results of over one million simulations are averaged to remove randomness.
Firstly, the convergence performance of DE for solving 2  is given in Fig. 4(a) . For comparison, exhaustive search with step size ΔX=1 is used as the upper bound of achievable effective throughput. It can be noted that the effective throughput increases with the iteration number and converges gradually. Greater values of CR enable DE converge more rapidly. It can be also noted that the performance gap between exhaustive search and DE is minor after DE converges; thus, DE can efficiently converge to the optimal effective throughput.
The effective throughput for each mode of PSS is shown in Fig. 4(b) . It can be noted that cluster-based PSS outperforms subcarrier-based and band-based PSS. The reason is that subcarrier-based PSS decreases the time for data transmission, while the band-based PSS deteriorates the achievable SINR, because of PMD. Cluster-based PSS outperforms, because it balances between subcarrier-based and band-based PSS.
It can also be noted from Fig. 4(b) that the performance improvements of cluster-based PSS over subcarrier-based and band-based PSS increase with the bandwidth. Since greater bandwidth will exhibit more severe PMD effects, cluster-based PSS gains more effective throughput improvements.
Moreover, the effective throughput for each mode of PSS decreases with M. As subcarrier-based PSS is free of PMD effect, the achievable SINR remains constant, but the data transmission time decreases linearly with M. For band-based PSS, the data transmission time holds constant but is impaired by the PMD effect. As the PMD effect; accumulates with M, the effective throughput decreases with M. Cluster-based PSS balances the data transmission time and PMD effect; thus, its effective throughput decreases more slightly with M.
VI. Conclusion
Wideband polarization spectrum sharing is studied for LTE in this work. By deploying PSS on a cluster of OFDM subcarriers, not only adverse PMD effects can be suppressed, but also the time used for data transmission can be increased; thus, the effective throughput performance is improved.
